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TUBE-LAUNCHED ROCKET PERFORMANCE 

William C. S t r a c k  
Lewis  Research Center 

SUMMARY 

Impar t ing  an i n i t i a l  v e l o c i t y  t o  r o c k e t  v e h i c l e s  u s i n g  an e j e c -  

t i o n  t u b e  can r e s u l t  i n  s i g n i f i c a n t  performance ga ins .  Curves a r e  

p r e s e n t e d  t h a t  show o r b i t a l  payload and b a l l i s t i c  range  i n c r e a s e s  

a s  a f u n c t i o n  of t u b e  muzzle v e l o c i t y  (0 t o  1000 ft . /sec.)  and tube  

l e n g t h  (0 t o  1400 f t . ) .  R e s u l t s  a r e  shown f o r  bo th  f ixed-des ign  

v e h i c l e s  ( A t l a d c e n t a u r ,  Sa tu rn  IB/Centaur, and a two-stage s o l i d  

r o c k e t  s i m i l a r  t o  Minuteman) and a "rubber-design" h y p o t h e t i c a l  
t h r e e -  s t a g e  s o l i d  p r o p e l l a n t  v e h i c l e .  The "rubber-design" v e h i c l e  

i s  o p t i m a l l y  s t a g e d  t o  t a k e  maximum advantage of t u b e  launching.  

The g a i n s  are p r o p o r t i o n a l  t o  t h e  so -ca l l ed  g r a v i t y  l o s s e s  of the 
conven t iona l  launch case .  Thus, t h e  g a i n s  a r e  h ighe r  f o r  low- 

performance v e h i c l e s  r a t h e r  t han  high-performance v e h i c l e s .  

i n s t a n c e ,  low i n i t i a l  th rus t - to-weight  r a t i o  (F/W1) v e h i c l e s  b e n e f i t  
more than  h igh  F/W v e h i c l e s  and c o n s t a n t - t h r u s t  v e h i c l e s  more than  

c o n s t a n t - a c c e l e r a t i o n  v e h i c l e s .  For e x i s t i n g  chemical  r o c k e t s ,  pay- 

load  g a i n s  of  13  pe rcen t  a r e  p o s s i b l e  w i t h  500-f t .  l ong  t u b e s .  For 
f u t u r e  r o c k e t s  w i t h  15  g peak e j e c t i o n  load  c a p a b i l i t i e s ,  the g a i n  

could  be a s  h i g h  a s  2 1  pe rcen t  g r e a t e r  t han  convent iona l  launches .  
For h igh  F/W1 r o c k e t s ,  t h e  launch t u b e  must be i n c l i n e d  away from 

t h e  v e r t i c a l  t o  r e a l i z e  t h e  f u l l  performance p o t e n t i a l .  The peak 

dynamic p r e s s u r e  and h e a t i n g  r a t e  a r e  l e s s  f o r  t u b e  launches  than  

convent iona l  launches f o r  most muzzle v e l o c i t i e s .  

For  

1 
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I N  TRO DU C T I 0 N 

Various i d e a s  have been suggested f o r  impar t ing  i n i t i a l  ve lo-  

c i t i e s  t o  r o c k e t s .  

range  of  a r o c k e t  f o r  a given amount of  p r o p e l l a n t .  
r o c k e t s ,  t h e  gun launch system used i n  P r o j e c t  Harp ( r e f .  1) is  

capable  of  q u i t e  h igh  muzzle v e l o c i t i e s .  A 5500 ft . /sec.  muzzle 

v e l o c i t y  i s  p o s s i b l e  f o r  a 2000-lb.  t h r e e - s t a g e  r o c k e t  t h a t  i n s e r t s  
a 50-lb.  payload i n  o r b i t .  Kumar, e t  a l .  ( r e f .  2) s t u d i e d  t h e  case  

of  a vacuum-air boos t  system where t h e  d r i v i n g  f o r c e  i s  obta ined  

by evacua t ing  a v e r t i c a l  launch tube w i t h  a breakable  s e a l  a t  t h e  

t o p  and a p r e s s u r e  s e a l  about  t h e  m i s s i l e  a t  t h e  bottom. When t h e  

missile i s  r e l e a s e d ,  a i r  p r e s s u r e  a c c e l e r a t e s  t h e  m i s s i l e  upward 

through t h e  tube .  Kumar, e t  a l . ,  concluded t h a t  800 f t . / s e c .  i s  
f e a s i b l e  f o r  gross  weights  up t o  about 80,000 l b s . ,  bu t  a compressed- 

gas  system would be r e q u i r e d  f o r  l a r g e r  missiles. S e v e r a l  m i l i t a r y  

a p p l i c a t i o n s  of  compressed-gas systems are a l r e a d y  i n  use ( r e f .  3 ) .  

Cohen and Michel i  ( r e f .  4) s tud ied  t h e  i n t e r n a l  b a l l i s t i c s  of  a 

boos t  s y s t e m  t h a t  used a gas  genera tor  a t  t h e  bottom o f  a launch 
tube .  Another tube boos t  system is  t h e  a c t i v e  r o c k e t  scheme wherein 

t h e  r o c k e t  i t s e l f  p rov ides  t h e  p r e s s u r i z a t i o n  gas  ( r e f .  5 ) .  

Such a scheme would i n c r e a s e  t h e  payload o r  
For ve ry  s m a l l  

The motion of  t h e  m i s s i l e  w i th in  t h e  t u b e  was analyzed i n  t h e s e  

s t u d i e s  b u t  n o t  the r o c k e t  performance g a i n s  (except  f o r  P r o j e c t  

Harp). Foa ( r e f .  6) eva lua ted  the  performance ga in  of  e j e c t e d  

sounding r o c k e t s  for t h e  r e s t r i c t e d  case o f  v e r t i c a l  f l i g h t ,  no drag, 

i n f i n i t e  s t a g e s ,  and f i x e d  burnout v e l o c i t y .  The p r e s e n t  s t u d y  

t a k e s  a b r i e f  look a t  t h e  p o t e n t i a l  performance advantages of launch 

tubes f o r  o r b i t a l  and b a l l i s t i c  range miss ions .  C e r t a i n  t r a d e o f f s  

of a secondary n a t u r e  were not  performed. For example, tube l e n g t h  

could be sho r t ened  i f  t h e  r o c k e t  v e h i c l e  were s t r eng thened  t o  with-  

s t a n d  h i g h  g- loads du r ing  t h e  tube e j e c t i o n  phase.  This i s  probably  

i m p r a c t i c a l  f o r  e x i s t i n g  v e h i c l e s .  Furthermore,  o t h e r  c o n s t r a i n t s  
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such  a s  payload a c c e l e r a t i o n  l i m i t s  might p rec lude  such a t r a d e o f f .  

For  the o r b i t a l  mission, r e s u l t s  a r e  p r e s e n t e d  f o r  two e x i s t i n g  

vehicles (Atlas/Centaur and Sa tu rn  IB/Centaur) and a h y p o t h e t i c a l  
t h r e e - s t a g e  s o l i d  p r o p e l l a n t  veh ic l e .  

l e m ,  a two-stage s o l i d  r o c k e t  s i m i l a r  t o  Minuteman was assumed. 

Table I p r e s e n t s  a d a t a  summary f o r  a l l  t h e  r o c k e t s .  

For t h e  b a l l i s t i c  range prob- 

There a r e ,  o f  course ,  many o t h e r  f a c t o r s  t h a t  a l s o  a f f e c t  t h e  

a t t r a c t i v e n e s s  of t u b e  l aunche r s .  Design and c o n s t r u c t i o n  problems 

would be a p p r e c i a b l e  and t h e r e  would be problems i n  modifying any 

e x i s t i n g  v e h i c l e  f o r  use  o f  t h i s  scheme. On t h e  o t h e r  hand, t ube  
l a u n c h e r s  make vehicles less  s e n s i t i v e  t o  low a l t i t u d e  t u r b u l e n c e  

o r  g u s t s .  The p r e s e n t  a n a l y s i s  r e l a t e s  performance t o  launch para-  
meters f o r  v a r i o u s  launch vehicles. The impor t an t  consequences 

o f  t u b e  l aunch ing  on such f a c t o r s  a s  v e h i c l e  des ign ,  c o n s t r u c t i o n ,  
aerodynamics, payload c o n s t r a i n t s ,  and economics a r e  n o t  cons ide red .  

ANALYSIS 

The performance determinat ion may be s p l i t  i n t o  two p a r t s :  (1) 
t h a t  p a r t  concerned w i t h  the e j e c t i o n  p rocess ,  and (2) t h a t  p a r t  con- 

cerned w i t h  the p o s t - e j e c t i o n  a scen t .  The p o s t - e j e c t i o n  a s c e n t  i s  

the main concern here because it a lone  determines t h e  payload and 
b a l l i s t i c  r ange  g a i n s  once the muzzle v e l o c i t y  i s  s p e c i f i e d .  Thus, 

the performance g a i n s  apply f o r  a l l  e j e c t i o n  schemes. These g a i n s  

were computed by f i x i n g  t h e  i n i t i a l  mass a t  e j e c t i o n  and u s i n g  

computer programs t o  determine a s c e n t  t r a j e c t o r i e s .  

E a r t h  O r b i t a l  Mission (100 N . M i .  C i r c u l a r  O r b i t )  

A z e r o  ang le -o f -a t t ack  t h r u s t  program was assumed f o r  the f irst  

s t a g e  and v a r i a t i o n a l  t h r u s t  programs f o r  the f i n a l  two s t a g e s .  For 

Atlas/Centaur,  the v a r i a t i o n a l  t h r u s t  program was i n i t i a t e d  a t  

b o o s t e r  eng ine  c u t o f f  (BECO). The optimum launch a n g l e  ( tube  d e f l e c -  
t i o n  from v e r t i c a l )  was a l s o  determined. For t h e  h y p o t h e t i c a l  
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t h r e e - s t a g e  s o l i d  r o c k e t ,  t h e  s t a g e  p r o p e l l a n t  l o a d i n g s  were o p t i -  

mized and an optimum d u r a t i o n  i n t e r s t a g e  c o a s t  p e r i o d  was p l a c e d  
shead of t h i r d  s t a g e  i g n i t i o n .  

and without  c o a s t  p e r i o d s .  

The l i q u i d  r o c k e t s  were s t a g e - f i x e d  

B a l l i s t i c  RanFe 

The o n l y  b a l l i s t i c  r a n g e  vehicle assumed was a h y p o t h e t i c a l  

two-stage s o l i d  r o c k e t  t h a t  resembles Minuteman. I t  was assumed t o  

have f i x e d  s t a g e s ,  c o n s t a n t  t h r u s t ,  F/W1 e q u a l  t o  3 ,  and a r ange  

o f  6100 s t .  miles f o r  conven t iona l  launches.  Both v e r t i c a l  l aunch  
and opt imized launch ang le  cases were computed. For v e r t i c a l  

launches,  the a n g l e - o f - a t t a c k  program f o r  each s t a g e  was t a k e n  t o  

be a q u a d r a t i c  f u n c t i o n  o f  t i m e  with c o e f f i c i e n t s  opt imized t o  maxi- 

mize r ange .  For optimum ang le  launches,  t h e  f irst  s t a g e  angle-of- 

a t t a c k  program was s e t  t o  ze ro  f o r  s i m p l i c i t y  and because it i s  
n e a r l y  op t ima l  f o r  t h i s  ca se .  

Tube Length C a l c u l a t i o n s  

R e l a t i n g  performance g a i n s  t o  l aunch  t u b e  c h a r a c t e r i s t i c s  such 
a s  t u b e  l e n g t h  n e c e s s i t a t e s  d e f i n i n g  a n  e j e c t i o n  system and making a 

d e t a i l e d  a n a l y s i s  t o  d e s c r i b e  t h e  v e h i c l e  motion d u r i n g  the e j e c t i o n  

p r o c e s s .  To g e t  a 

v e l o c i t y ,  a s imple 

P =  

rough i d e a  o f  how tube length is r e l a t e d  t o  muzzle 

t u b e  p r e s s u r e  h i s t o r y  was assumed; namely, 

s i n  Pmax (w 

where p is the t u b e  p r e s s u r e  ( n e t  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  

r o c k e t )  9 Pmax i s  the peak t u b e  p r e s s u r e ,  t i s  time, and t* i s  the 

tube escape  time. The r o c k e t  motion e q u a t i o n  d u r i n g  t h e  e j e c t i o n  

phase is: 
e. 

p - g cos 8 - dLX = -  A 
d t 2  rn 

where X i s  d i s t a n c e  a l o n g  t h e  tube,  m i s  r o c k e t  mass, A i s  t u b e  c r o s s -  

s e c t i o n a l  a r e a ,  g i s  g r a v i t y ,  and 8 is t h e  t u b e  launch ang le .  Together,  
these e q u a t i o n s  y i e l d  the fo l lowing  r e l a t i o n s h i p  between tube 
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l e n g t h  L and muzzle v e l o c i t y  V: 

(3) 
V2 

+ g COS e) - 2 g COS e 4 .' L =  - 
(*ma, 

.. 
where Xmax i s  t h e  peak a c c e l e r a t i o n  du r ing  the e j e c t i o n  p rocess .  

I n  t h e  a c t i v e  r o c k e t  scheme, some of t h e  r o c k e t ' s  p r o p e l l a n t  i s  

consumed dur ing  the e j e c t i o n  process .  The amount of p r o p e l l a n t  con- 
sumed is  g e n e r a l l y  q u i t e  sma l l  and i s  ignored i n  t h i s  s tudy .  

RESULTS 

S e v e r a l  curves  of performance g a i n s  v e r s u s  muzzle v e l o c i t y  a r e  

p r e s e n t e d  i n  f i g u r e  1. The lower p a r t  of t h e  f i g u r e  shows payload 

g a i n s .  The Atlas/Centaur  and t h e  Sa tu rn  IB/Centaur r e s u l t s  were so 

c l o s e  t o g e t h e r  t h a t  on ly  a s i n g l e  curve was p l o t t e d  f o r  bo th .  
h y p o t h e t i c a l  c o n s t a n t - t h r u s t  s o l i d  r o c k e t  b e n e f i t s  most from an 

e j e c t i o n  launch whi le  t h e  c o n s t a n t - a c c e l e r a t i o n  r o c k e t  b e n e f i t s  l e a s t .  

This i s  t o  be expected s i n c e  t h e  g r a v i t y  l o s s e s  a r e  g r e a t e s t  f o r  

the c o n s t a n t - t h r u s t  s o l i d  ( t o t a l  l o s s  i s  4800 f t . / s e c . )  and l e a s t  f o r  
the c o n s t a n t - a c c e l e r a t i o n  s o l i d  ( t o t a l  l o s s  i s  2000 f t . / s e c . ) .  The 

t ime average  a c c e l e r a t i o n  i s  much h igher  f o r  the c o n s t a n t - a c c e l e r a t i o n  

r o c k e t  (F/W i s  always 6) then t h e  c o n s t a n t - t h r u s t  r o c k e t  (F/W v a r i e s  

between 1.5 and 6 ) .  The cons t an t  6 g a c c e l e r a t i o n  v e h i c l e  i s  q u i t e  
e f f i c i en t  t o  begin w i t h  and, t h e r e f o r e ,  does not  b e n e f i t  so  much by 

an e j e c t i o n  scheme. S ince  g r a v i t y  l o s s e s  a r e  reduced a s  t h e  average 

F/bJ i s  inc reased ,  performance ga ins  a r e  g r e a t e s t  f o r  low F/W v e h i c l e s .  

The 

The payload g a i n s  a r e  l a r g e  f o r  the h ighe r  muzzle v e l o c i t i e s ,  

r e a c h i n g  38 percen t  a t1000 f t . / s e c .  f o r  t h e  low performance s o l i d  

r o c k e t  w i t h  F/W1 = 1.5. 
mal ly  designed ( i . e . ,  s t a g e  p r o p e l l a n t  l oad ings  and c o a s t  phase) 
r a t h e r  t han  f i x e d  a s  f o r  t h e  two chemical v e h i c l e s  i s  no t  t oo  impor tan t .  

The performance g a i n s  were a f f e c t e d  ve ry  l i t t l e  by changing t h e  s t a g e  

The f a c t  t h a t  the s o l i d  r o c k e t s  were o p t i -  
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p r o p e l l a n t  l oads  and c o a s t  dura t ion .  Consequently, muzzle v e l o c i t y  
and average F/W a r e  t h e  only  v a r i a b l e s  t h a t  s t r o n g l y  a f f e c t  t h e  

performance ga ins .  

The upper p a r t  of  f i g u r e  1 gives  t h e  b a l l i s t i c  range  g a i n s  
f o r  t h e  ICBM t y p e  s o l i d  r o c k e t .  Curves f o r  bo th  v e r t i c a l  l aunch  

and i n c l i n e d  launch a r e  shown. The r ange  i n c r e a s e s  a r e  g e n e r a l l y  
about  t h e  same a s  t h e  payload- to-orb i t  g a i n s .  The decrease  i n  g a i n  

t h a t  r e s u l t s  from r e s t r i c t i n g  launches t o  v e r t i c a l  i n c l i n a t i o n s  i s  

r e a d i l y  apparent .  The amount of  decrease shown should n o t  be taken  

a s  i n d i c a t i v e  f o r  a l l  r o c k e t s .  This i s  i l l u s t r a t e d  on f i g u r e  2 

where t h e  optimum tube  launch  angle  i s  p l o t t e d  a s  a f u n c t i o n  of  

muzzle v e l o c i t y  and F/W1. Higher F/W v e h i c l e s  r e q u i r e  more t i p p i n g  

away from t h e  v e r t i c a l  t o  d e r i v e  max imum performance ga in .  Thus, 

h i g h  F/W1 r o c k e t s  s u f f e r  i n  performance more than  low F/W1 r o c k e t s  

if t h e y  a r e  cons t r a ined  t o  ve r t i ca l  launches .  T h i s  a spec t  f a v o r s  
low F/W r o c k e t s  s i n c e  v e r t i c a l  launch t u b e s  a r e  more f e a s i b l e  

than  an i n c l i n e d  tube ,  e s p e c i a l l y  when v a r i o u s  launch azimuths a r e  
cons idered .  Thus, low F/W r o c k e t s  a r e  more a t t r a c t i v e  c a n d i d a t e s  

f o r  t u b e  launching  because o f  t h e i r  h ighe r  ga in  p o t e n t i a l  and t h e i r  

c o m p a t i b i l i t y  w i t h  s imple v e r t i c a l  t ubes  - 

1 

1 

1 

The a t t r a c t i v e n e s s  of  t ube  launches i s  l e s sened  by tube  l e n g t h  

c o n s i d e r a t i o n s .  
concern ing  t h e  tube  e j e c t i o n  process ,  t h e  performance g a i n s  may be 

With t h e  important assumption (p = pmaX s i n  w t/t*) 

p l o t t e d  a s  a f u n c t i o n  

(3 ) .  This  i s  done i n  
payload- t o - o r b i t  case  

t h e  e j e c t i o n  process ,  .. 

of tube  l e n g t h  u s i n g  f i g u r e s  1-2  and equa t ion  
t h r e e  p a r t s  i n  f i g u r e  3 .  P a r t  a shows t h e  

assuming t h a t  t h e  maximum a c c e l e r a t i o n  d u r i n g  

'max 
.. 

i s  6 g. P a r t  b i s  f o r  t h e  b a l l i s t i c  

range  c a s e  assuming X i s  8 g. Payload and range  g a i n s  a r e  between 
7 and 14 p e r c e n t  f o r  500 f t .  l o n g t u b e s .  The a s s o c i a t e d  muzzle 

v e l o c i t i e s  a r e  325-400 f t . / s e c .  

r e a l  s t r u c t u r a l  l i m i t s  f o r  t h e  e x i s t i n g  chemical  r o c k e t s  and assumed 

l i m i t s  f o r  t h e  h y p o t h e t i c a l  s o l i d  r o c k e t s .  The e f f e c t  of i n c r e a s i n g  

max 
.. 

The Xmax chosen above r e p r e s e n t s  
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. "  

.. 
is shown i n  p a r t  c o f  t h i s  'max 

r o c k e t  (F/W1 = 1.5) and 500 f t .  

1 3 . 7  p e r c e n t  t o  2 1 - 5  p e r c e n t  a s  

The payload b e n e f i t s  shown here 
t u r a l  weight i n c r e a s e s  were n o t  

f i g u r e .  For the c o n s t a n t - t h r u s t  s o l i d  
tubes ,  the payload g a i n  jumps from 

X i s  i n c r e a s e d  from 6 g t o  15 g.  

r e p r e s e n t  upper l i m i t s  s i n c e  s t r u c -  
accounted f o r  a s  Xmax i n c r e a s e d .  

.. 
max 

.. 
I t  

i s  clear ,  however, t h a t  tubE launching i s  most a t t r a c t i v e  f o r  low 

F/W 
Otherwise, excessive tube l e n g t h s  a r e  r e q u i r e d  t o  r e a l i z e  s i g n i f i c a n t  
performance g a i n s .  

r o c k e t s  t h a t  a r e  a b l e  t o  wi ths t and  high e j e c t i o n  a c c e l e r a t i o n .  1 

The c o n s t a n t - t h r u s t ,  low F/W s o l i d  r o c k e t  i s  the most a t t r a c t i v e  1 
c a n d i d a t e  f o r  a t u b e  launching scheme and t h e  remainder o f  the s t u d y  

c o n c e n t r a t e s  on it f u r t h e r .  The e f f e c t  o f  F/W1 on payload r a t i o  i s  

shown on f i g u r e  4 f o r  t h r e e  muzzle v e l o c i t i e s  V.  Changes i n  eng ine  
and s t r u c t u r e  weight  with F/Wl were ignored  i n  t h i s  s imple a n a l y s i s .  

I n  t e r m s  o f  payload ga in ,  impart ing 500 ft . /sec.  t o  a r o c k e t  i s  

e q u i v a l e n t  t o  r a i s i n g  F/W Impar t ing  1000 f t . / sec .  

i s  e q u i v a l e n t  t o  r a i s i n g  F/W1to 3 . 3 .  

due t o  an i n c r e a s e  i n  V i s  n e a r l y  independent of F/W1. 
f o r  the h i g h e r  pe rcen tage  i n c r e a s e  i n  payload a t  lower F/W1. 
a l s o  t r u e  f o r  the c o n s t a n t  q c c e l e r a t i o n  r o c k e t  shown h e r e  f o r  comparison 

from 1.5 t o  2 .0 .  1 
The amount o f  payload i n c r e a s e  

This accounts  
This i s  

A l s o  shown on figure 4 i s  t h e  maximum dynamic p r e s s u r e  qmax a s  
a f u n c t i o n  o f  F/W1 f o r  V = 0. 

causes  q t o  i n c r e a s e  r a p i d l y  t o  v a l u e s  c o n s i d e r a b l y  beyond t h o s e  

a t t a i n e d  i n  c u r r e n t  p r a c t i c e  (about 950 l b . / f t .  ) .  

i s  about 930 l b . / f t . 2  But f o r  F/WI = 2.0, qmax = 1800 l b . / f t .  'max 
and f o r  F/W1 = 3.3, qmax = 58bO l b . / f t . 2 .  
t h a t  f o r  F/W1= 1.5 and V less than 880 f t . / sec . ,  q,,, i s  l e s s  t h a n  

930 l b . / f t  . 
r a t h e r  t h a n  a g g r e v a t e s  it a s  does i n c r e a s i n g  F/W1. 

This curve shows t h a t  i n c r e a s i n g  F/W1 

2 max 
A t  F/Wl = 1.5, 

A l a t e r  curve w i l l  show 

2 

Tube launching t h e r e f o r e  a l l e v i a t e s  the qma, problem 

The t r a j e c t o r i e s  of tube launched r o c k e t s  d i f f e r  l i t t l e  from 
t h o s e  of c o n v e n t i o n a l l y  launched r o c k e t s .  This i s  i l l u s t r a t e d  i n  
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f i g u r e s  5 and 6 f o r  t h e  o r b i t a l  mission.  The tube  launched r o c k e t  

p r e f e r s  s l i g h t l y  more c o a s t  time and t h e r e f o r e  a t t a i n s  o r b i t a l  condi- 

t i o n s  f u r t h e r  downrange. I t  a l s o  a t t a i n s  t r a n s o n i c  speeds a t  lower 

a l t i t u d e s - - b u t  Mach numbers g r e a t e r  t han  1.5 occur a t  h ighe r  a l t i t u d e s .  

The t i m e  h i s t o r i e s  of dynamic pressure q, a x i a l  load  f a c t o r ,  and 
h e a t i n g  r a t e  f a c t o r  a r e  d i sp l ayed  on f i g u r e  7.  I n i t i a l l y ,  t h e  q 

h i s t o r y  improves a s  V i n c r e a s e s  and then i t  becomes worse. This  

behavior  i s  due t o  t h e  combined e f f e c t  of  d e n s i t y  and v e l o c i t y  

h i s t o r i e s .  For sma l l  V, d e n s i t y  decreases  f a s t e r  t han  t h e  v e l o c i t y  

squared i n c r e a s e s ;  and t h i s  l e a d s  t o  a decrease  i n  qmax. 

t han  880 ft./sec., qmax is less than t h e  convent iona l  launch qmax. 
Thus, t u b e  launches cause q t o  decrease  f o r  t h e  lower (and u s e f u l )  

v a l u e s  of  muzzle v e l o c i t y .  

r a t e  and t h e  first s t a g e  burnout  q .  

For V less 

max 
The same is a l s o  t r u e  f o r  t h e  h e a t i n g  

CONCLUSIONS 
1. The prime cand ida te s fo r  tube e j e c t i o n  launch schemes a r e  low 

a c c e l e r a t i o n ,  c o n s t a n t - t h r u s t  r o c k e t s .  Such r o c k e t s  have t h e  h i g h e s t  

p o t e n t i a l  performance ga in  and do no t  r e q u i r e  o f f - v e r t i c a l  t ube  ang le s  

t o  r e a l i z e  t h e i r  p o t e n t i a l .  

2 .  The g a i n s  a r e  modest for p a s t i c a l  tii5e lengths .  Up t e  14 
p e r c e n t  payload g a i n s  a r e  p o s s i b l e  w i t h  500 f t .  long  t u b e s  and conven- 
t i o n a l  r o c k e t  s t r u c t u r e s .  S t rengthening  t h e  s t r u c t u r e  t o  wi ths t and  a 

15 g peak e j e c t i o n  load  could r a i s e  the ga in  t o  a s  much a s  2 1  p e r c e n t  

i f  t h e  s t r u c t u r a l  weight p e n a l t i e s  a r e  neg lec t ed .  I n c l u s i o n  of  t h e  

weight  p e n a l t i e s  i n t o  t h e  a n a l y s i s  would reduce  and could even e l i m i -  
n a t e  t h e  ga ins  due t o  i n c r e a s i n g  the  peak e j e c t i o n  load .  Never the less ,  

t h e  p o t e n t i a l  ga in  f o r  f u t u r e  r o c k e t s  i s  g r e a t e r  than  t h a t  f o r  p r e s e n t  

r o c k e t s  s i n c e  t h e  r e q u i r e d  s t ruc tu re  could be inco rpora t ed  i n t o  t h e  

o r i g i n a l  design r a t h e r  than  r e q u i r e  p o s s i b l y  e x t e n s i v e  mod i f i ca t ion  

of an e x i s t i n g  des ign .  
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3 .  I n i t i a l  thrust- to-weight  r a t i o  (F/W1) i s  t h e  pr imary ga in-  

de te rmining  f a c t o r .  P r o p e l l a n t  type  ( s o l i d  o r  l i q u i d )  and s t a g e  

p r o p e l l a n t  l o a d i n g s  have on ly  a minor i n f l u e n c e  on performance g a i n s .  

4. High F/Wl r o c k e t s  r e q u i r e  i n c l i n e d  t u b e s  t o  t a k e  f u l l  advan- 

t a g e  of  t u b e  l aunch ing  schemes. 
d i f f e r e n t  missions,  t u b e  launches for h i g h  F/Wl r o c k e t s  a re  probably 
o n l y  a t t r a c t i v e  f o r  sma l l  r o c k e t s .  This i s  because l a r g e ,  v a r i a b l e  

azimuth a n g l e  t u b e s  would be d i f f i c u l t  t o  b u i l d .  

Since t h e  azimuth ang le  v a r i e s  f o r  

5. The maximum dynamic p res su re ,  f irst  s t a g e  burnout  q, and 

h e a t i n g  r a t e  a r e  l ess  f o r  tube launches t h a n  conven t iona l  launches 

f o r  p r a c t i c a l  muzzle v e l o c i t i e s .  

Lewis Research Center 
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion  

Cleveland, Ohio June 27, 1967 
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